Serratia marcescens is an emerging pathogen that is predominantly involved in nosocomial infections (25) . However, it has also been implicated in a range of ocular infections (5, 8, 11, 37) . As many S. marcescens strains are resistant to multiple antibiotics, infections by this organism represent a growing public health risk (25) . In addition to causing mammalian infections, S. marcescens is also commonly found in soils and can attach to plant tissues (9) . Indeed, S. marcescens MG1 was initially isolated from a rotting cucumber (21) . Undoubtedly, colonization of both abiotic and biotic surfaces by S. marcescens is an integral component of its success as a pathogen. For example, colonization of abiotic materials, such as contact lenses, provides S. marcescens with a medium for facilitating contact with target human tissue (i.e., corneal cells) (30) . However, to be entirely successful, S. marcescens must also have the ability to adhere to its target tissue. Adhesion is considered to be the first step in the development of bacterial biofilms and a critical step in initiating infection. A number of different factors affect adhesion, including physicochemical interactions between the bacterium and the substratum, flagella, fimbriae, outer membrane proteins, and the presence of extracellular polymers (18, 32) . Previous studies have shown that N-acyl homoserine lactone (AHL)-based quorum sensing (QS) regulates several aspects of surface colonization in S. marcescens, including swarming motility, biofilm maturation, and biofilm sloughing (15, 34, 51) . However, the factors that mediate and control adhesion during the initial stages of colonization in S. marcescens are less well understood, and in particular, the role of QS in attachment has not been investigated.
The QS system of S. marcescens MG1 is governed by luxI and luxR homologues, swrI and swrR, respectively (15) . SwrI predominantly synthesizes N-butanoyl-L-homoserine lactone (C 4 -HSL) and is believed to bind SwrR and affect the expression of at least 28 proteins, as demonstrated by two-dimensional polyacrylamide electrophoresis (22) . Some of these QSregulated proteins have been shown to be involved in swarming motility and biofilm maturation (34, 39) . Since adhesion to both abiotic and biotic surfaces is important in S. marcescens pathogenicity, we examined whether C 4 -HSL regulation was involved in adhesion to an abiotic hydrophilic surface and a biotic surface, human corneal epithelial (HCE) cells. In this study, we determined that C 4 -HSL regulation is involved in adhesion to the abiotic surface but not in adhesion to the biotic HCE cell line. Adhesion to the HCE cells is largely mediated by type I fimbriae, but these fimbriae play no role in adhesion to the abiotic surface. Therefore S. marcescens utilizes different regulatory systems and adhesins for adhesion to surfaces with different properties. While we were unable to determine a single C 4 -HSL-regulated adhesin that is essential for attachment to the abiotic surface, we identified four C 4 -HSL-regulated genes that, when mutated, reduced the level of attachment to 50% of the wild-type level. Furthermore, exopolysaccharide (EPS) and OmpX were found to be QS regulated, and the latter was not involved in adhesion to either the abiotic or biotic surfaces assayed in this study. We propose a model for the colonization of abiotic and corneal surfaces by S. marcescens. Different regulatory systems drove adhesion to the different surfaces, and QS was a major regulatory pathway in adhesion to and biofilm formation on the abiotic surface. Since abiotic surfaces are an important source of infective cells, QS may be an important but indirect regulatory system driving eye infection.
MATERIALS AND METHODS
Bacterial strains, plasmids, primers, and growth conditions. Strains and plasmids used in this study are listed in Table 1 . All primers used in this study are listed in Table 2 . All strains were routinely grown at 30°C in Luria-Bertani broth (54) with 1% NaCl (LB10) or in minimal broth Davis (MBD) without dextrose (Difco Laboratories, Detroit, MI) supplemented with 0.2% glucose and 0.5% Casamino Acids. Antibiotics were added as required at the following final concentrations: kanamycin, 100 g ml Ϫ1 ; and streptomycin, 200 g ml Ϫ1 . Gentamicin was used at concentrations of 60 and 25 g ml Ϫ1 for S. marcescens and Escherichia coli strains, respectively. For complementation of S. marcescens strain MG44 and transposon mutants, C 4 -HSL was added to the medium at a final concentration of 250 nM.
Genetic methods. Plasmid DNA preparations were obtained using the Wizard Plus Minipreps DNA purification system (Promega). Cloning, chemical transformation of E. coli, and electroporation of S. marcescens MG1 were performed using standard procedures (7) . PCR was performed using either Taq DNA polymerase (Roche) or Pwo DNA polymerase (Boehringer Mannheim), and DNA fragments were purified using either a Prep-a-Gene DNA purification kit (Bio-Rad) or a QIAquick DNA purification kit (QIAGEN). Genomic DNA was extracted from 2 ml of overnight cultures of S. marcescens strains by using the XS buffer protocol (63) . Sequencing of the area surrounding transposon insertion in S. marcescens MG3640 was carried out using panhandle PCR (57) and shotgun ligation and by screening a clone library and sequencing the insert. DNA sequences were compared to sequences in the GenBank database using the online BLAST search engine at the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/).
Amplification and sequencing of the 16S rRNA gene from strain MG1 and phylogenetic analysis. The 16S rRNA gene was amplified from genomic DNA by PCR performed with previously described standard primers corresponding to the E. coli 16S rRNA gene sequence (36) . Single-band products were purified and sequenced, and the overlapping consensus sequence was compared with sequences in the GenBank database using BLAST sequence homology searches. Phylogenetic analysis was performed using the ARB software (www.arb-home .de) and 16S rRNA gene sequences of members of the genus Serratia and the 610 ], ϳ3.0) in MBD supplemented with 0.2% glucose and 0.5% Casamino Acids. Cells were diluted to obtain an OD 610 of 1.0, and 100-l aliquots were added to the wells of a 96-well hydrophilic tissue culture microtiter plate (Co-Star 3595; Corning Incorporated, Corning, NY). The plates were statically incubated at 30°C for 2 h, and adhesion was quantified by staining with crystal violet as previously described (47) .
In vitro assay for adhesion to human corneal epithelial cells. An assay to determine adhesion to an immortalized HCE cell line (4) was carried out as previously described (61) . Briefly, HCE cells were cultured in 24-well microtiter plates to obtain confluent monolayers and incubated with bacterial suspensions containing 10 6 CFU/ml. After incubation for 3 h, the total bacterial adhesion was measured by washing and lysing the HCE cells with Triton X-100 and determining the total number of bacterial cells by viable counting on nutrient agar.
Construction of the ompX and fimA mutants and plasmid pLOW2fimA. Fragments of the ompX and fimA genes were initially amplified from the MG1 chromosome using primers FompX and RompX and primers F-FimA2 and R-FimA2, respectively. The resulting PCR fragments were sequenced. The entire DNA coding sequence and surrounding sequence of each gene were obtained by panhandle PCR performed as described by Siebert et al. (57), with modifications (62). A 1.9-kb fragment containing the ompX gene and the surrounding sequence was amplified using primers ForO and RevO and ligated into the SmaI site of pBluescript SK II to obtain pOmpX. Primers pOF and pOR were designed to contain SphI sites and were used to amplify pOmpX. The resulting PCR fragment was digested with SphI, and the digested fragment was circularized by ligation to obtain pOmpXSphI, which resulted in a 312-bp deletion in the ompX gene. A 0.9-kb SphI fragment from pUCGm containing a gentamicin resistance cassette was ligated into the SphI site of pOmpXSphI, disrupting the ompX gene, to create pOmpXGm. The gentamicin-disrupted ompX gene and the surrounding sequence were then transferred to the suicide vector pGP704 to obtain plasmid pGP704OmpXGm. A 1.3-kb fragment bearing the fimA gene was amplified from chromosomal DNA using primers FimAFor1 and FimARev2. The fimA fragment was ligated into pGEM-T Easy (Promega) to obtain plasmid pFimA. Plasmid pFimAGm was constructed by ligating a 0.9-kb HindIII gentamicin cassette (from pUCGm) into the unique HindIII site identified in the fimA insert. The disrupted insert from pFimAGm was cut out using EcoRI and ligated into pGP704 to obtain pGPFimAGm. Plasmids pGPFimAGm and pGP704OmpXGm were electroporated into E. coli S17-1 and conjugated with S. marcescens MG1. Recombinants were selected for on MBD supplemented with 0.2% glucose and 60 g/ml gentamicin, and double-crossover mutants were screened by PCR. To create pLOW2fimA, a 1.3-kb fragment bearing the fimA gene was cut out of pFimA using EcoRI and ligated into the EcoRI site of pLOW2.
Measurement of promoter induction by C 4 -HSL. Induction of the transposondisrupted genes by C 4 -HSL was determined by measuring luminescence (encoded by the promoterless luxAB genes on the transposon) before and after addition of C 4 -HSL. The assay was performed as previously described (34) .
Calcofluor assay. S. marcescens strains were streaked onto Kings agar (1% [wt/vol] peptone, 1% [wt/vol] NaCl, 1% [vol/vol] glycerol, 1.5% [wt/vol] agar) containing 0.002% calcofluor (fluorescent brightener 28; Sigma F-3397). Kings agar has previously been reported to enhance exopolysaccharide production in S. marcescens strains (6) . To determine if a strain produced exopolysaccharide, agar plates were exposed to long-wavelength UV light, and the bacterial streaks on the agar plates were monitored for bright blue fluorescence. When necessary, C 4 -HSL was added to the agar medium to a final concentration of 250 nM.
Outer membrane protein analysis. Outer membranes were prepared from mid-log-phase cells (OD 610 , ϳ1.2) and early-stationary-phase cells (OD 610 , ϳ3.6) as previously described (28) . The outer membranes were resuspended in sterile Milli-Q water, and the total protein concentration of each preparation was determined using the bicinchoninic acid method (59) . For each preparation, 15 g of protein was electrophoresed on a 15% sodium dodecyl sulfate (SDS)-polyacrylamide gel containing 4 M urea in the separating gel. The gels were stained with Coomassie brilliant blue, and proteins of interest were excised from the gels and subjected to terminal sequencing for identification at the Australian National University, Canberra.
Extracellular protein and surface protein extraction. Cells used for surface protein extraction were scraped from MBD agar plates supplemented with 0.2% glucose and 0.5% Casamino Acids and resuspended in 1.5 ml of phosphatebuffered saline (pH 7.4) to an OD 610 of 5.0. Surface proteins were sheared off the bacterial surface by passing the suspension through a 26.5-gauge needle three times. Cells were removed by centrifugation (4,620 ϫ g), and the supernatant was filter sterilized (0.2-m Supor membrane filter; PALL Corporation). The proteins in the supernatant were precipitated by adding trichloroacetic acid to a final concentration of 20% (vol/vol) and were incubated on ice for 30 min. The surface proteins were collected by centrifugation (25,200 ϫ g) for 10 min at 4°C. The pellet was washed twice with phosphate-buffered saline (pH 7.4) and resuspended in 2% SDS. Samples were loaded onto 12% SDS-acrylamide gels, and the gels were stained with Coomassie brilliant blue. Proteins of interest were cut out for identification and subjected to in-gel digestion with trypsin. The peptides were then analyzed using matrix-assisted laser desorption ionization (MALDI), which provided highly accurate masses for the peptides in the mixture and a fragment ion spectrum for the five highest-concentration peptides. The fragment ion spectrum was then run through the Mascot search engine (http://www .matrixscience.com/) database, which led to identification of proteins 1, 2, and 3 and the flagellin protein. Protein 4 was identified by analysis of the peptides using liquid chromatography-tandem mass spectrometry (LC-MS/MS). To do this, peptide sequences were obtained and run through BLASTP to determine possible homology to proteins in the database. The relative amounts of the FimA protein in the samples were determined by measuring the total pixels of the proteins in the gel picture using the NIH Image program and normalizing the results to the total pixels for flagellin protein.
Electron microscopy. Cells were grown at 30°C with gentle agitation (50 rpm) in MBD supplemented with 0.2% glucose and 0.5% Casamino Acids. Cells were added to a carbon-coated copper grid and stained with 2% uranyl acetate. Transmission electron microscopy of the stained cells was carried out using a Hitachi H7000 electron microscope.
Nucleotide sequence accession numbers. The nucleotide sequences of ompX and the sequence surrounding the transposon insertion in MG3640 have been deposited in the GenBank database under accession numbers AY498858 and AY498857, respectively. The nucleotide sequence of a contig containing fimA, fimB, and part of fimC has been deposited in the GenBank database under accession number AY730610. Partial sequences of the PCR products amplified from the S. marcescens MG1 fimbrial operon have been deposited in the GenBank database under accession numbers EF193059 and EF193060. The S. marcescens MG1 16S rRNA gene sequence has been deposited in the GenBank database under accession number AY498856.
RESULTS
Reclassification of Serratia liquefaciens MG1 as S. marcescens MG1 based on 16S rRNA gene phylogeny. S. marcescens MG1 was previously classified as Serratia liquefaciens MG1; however, phylogenetic analysis of the 16S rRNA gene sequence of strain MG1 revealed that this strain is closely related to the type strain of S. marcescens subsp. marcescens (99% identity) and forms part of a monophyletic S. marcescens cluster with a high level of statistical support. As a result, S. liquefaciens MG1 was reclassified as S. marcescens MG1 and is thus a nonpigmented S. marcescens strain, which is typical of pathogenic strains (10, 25) .
S. marcescens utilizes different regulatory pathways for adhesion to abiotic and biotic surfaces. The importance of C4-HSL regulation in surface motility, biofilm formation, and detachment of S. marcescens prompted us to test whether C 4 -HSL-mediated gene regulation also played a role in adhesion. Since adhesion to both abiotic and biotic surfaces is integral for mediating infection, the role of C 4 -HSL regulation was examined by determining adhesion to a hydrophilic plastic surface and to HCE cells. In the adhesion assay with the abiotic surface, the swrI mutant S. marcescens strain MG44 adhered at a level that was 50% of the wild-type level (Fig. 1) . The adhesion deficiency of the swrI mutant could be restored by exogenously providing C 4 -HSL at a final concentration of 250 nM, confirming that C 4 -HSL plays a significant role in regulating adhesion (Fig. 1) . In contrast, the swrI mutant adhered to the HCE cells at the same level as the wild type (Fig. 2) . Therefore, it appeared that C 4 -HSL signaling played no role in adhesion to HCE cells. Importantly, the levels of adhesion of S. marcescens MG1 to HCE cells were higher than those of the clinical corneal isolate Pseudomonas aeruginosa 6294, suggesting that the levels of S. marcescens MG1 adhesion to the HCE cell line might be clinically relevant (Fig. 2) .
Type I fimbriae are crucial for non-QS-mediated adhesion to the HCE biotic surface but have no role in adhesion to the abiotic surface. S. marcescens is an important eye pathogen; however, little is known about the adhesins utilized by this organism during attachment to corneal tissue. Since fimbriae are some of the most important adhesins involved in attachment to epithelial cells (32) , fimbriae were considered to be the most likely adhesin responsible for attachment to the HCE cells. Surface proteins of S. marcescens MG1 were extracted and visualized on an acrylamide gel to determine the main fimbrial type expressed on the surface. A predominant protein band was observed at approximately 21 kDa, a size which is consistent with the sizes of major fimbrial subunits (Fig. 3A ) (53) . This protein band was excised and identified by LC-MS/MS as FimA, the major fimbrial subunit of type I fimbriae (46) . The peptide sequences obtained by LC-MS/MS (FTGE LVQS, VVDQDQNQEVYLGK, TTAFPTAGS, EAGNY TLR, VTVAADGDNP, and NPGAATFNLR) were aligned with the S. marcescens FimA protein sequence in the GenBank database (accession number YQSE1) and used to design degenerate primers F-FimA2 and R-FimA2 (Table 2) for amplification of fimA from S. marcescens MG1 chromosomal DNA. The fimA open reading frame (ORF) of S. marcescens MG1 encodes a 175-amino-acid protein exhibiting 66% identity and 75% similarity to the FimA protein of S. marcescens (GenBank accession number YQSE1). S. marcescens ML1, a fimA disruption mutant, was constructed and was confirmed not to produce fimbriae by gel electrophoresis of surface protein extracts and by electron microscopy ( Fig. 3A and C) . No other fimbrial structures were observed by electron microscopy, indicating that type I fimbriae were the only fimbriae present under the conditions tested. The S. marcescens ML1 fimA mutant adhered at a level that was only 6% of the level of the wild type, thereby demonstrating that type I fimbriae are the main adhesin in attachment to HCE cells (Fig. 2) . Complementation of the HCE adhesion phenotype by supplementing fimA in trans was unsuccessful (Fig. 3A) , presumably due to the polar effect on other downstream type I fimbrial genes in this operon. The known fimbrial nucleotide sequence of S. marcescens MG1 was found to be highly related to the nucleotide sequence of a fimbrial operon found in Serratia proteamaculans 568 (draft genome at http://genome.jgi-psf.org/draft_microbes /serpr/serpr.home.html). In S. proteamaculans 568, the type I fimbrial operon consists of fimA, fimB, fimC, and fimD. Immediately downstream of fimD is a gene coding in the reverse orientation for an AraC-like transcriptional regulator. To determine if the genetic context was identical in S. marcescens MG1, PCR products were amplified from MG1 using specific primers for the known MG1 sequence and degenerate primers designed using the S. proteamaculans 568 sequence. An initial 2.4-kb sequence encompassing the fimC gene was amplified using primers FimC-F and FimC-R1, and the 3Ј end of the amplicon was sequenced. A second product and a third product were amplified using a specific primer designed using the 3Ј sequence of the initial product (FimC-F2) and degenerate primers FimD-R and AraC-R2 encompassing the fimD gene (1.1 kb) and fimD/araC-like gene (1.7 kb), respectively. Sequences of the 3Ј ends of all the amplicons verified their identities and confirmed that the genetic organization of the fimbrial operon and gene immediately downstream in S. marcescens MG1 was identical to the genetic organization in S. proteamaculans 568. Therefore, a polar effect on downstream genes would not affect any phenotype other than type I fimbrial assembly. This strongly supports the hypothesis that type I fimbriae were the adhesin driving adhesion to HCE cells. Type I fimbriae were not involved in adhesion to the abiotic surface since the levels of adhesion of the fimA mutant were identical to those of the wild type on this surface (Fig. 1) .
Identification of C 4 -HSL-regulated genes involved in QSmediated abiotic adhesion.
In an effort to identify the specific C 4 -HSL-regulated genes required for adhesion by S. marcescens MG1, 19 previously isolated C 4 -HSL-responsive re- 1) . Mutants MG3646 and MG3651 carry Tn5 insertions in the bsmA and bsmB genes, respectively, which have previously been reported to be important for biofilm maturation in this organism (34) . Mutant MG3645 has previously been found to have an insertion in the lipB gene, which is part of a type I secretion system (52) . Sequence data for areas from around the site of the transposon insertion in MG3640 indicated that the transposon disrupted a 1,307-bp ORF 98 nucleotides downstream of the putative translational start site. The 1,307-bp ORF encodes a 435-amino-acid protein having 96% identity and 98% similarity (over 395 amino acid residues) to the sensor kinase RssA (GenBank accession number AAN28325) from S. marcescens. Upstream, in the same putative operon, is a 519-bp ORF that encodes a 172-amino-acid protein that has 91% identity and 94% similarity (over 157 amino acid residues) to the response regulator protein RssB (GenBank accession number AAN28326) from S. marcescens. The rssA-rssB two-component system has been reported to affect the cellular fatty acid composition and cell surface topography of S. marcescens, both of which could affect adhesion (35) . Measurement of promoter activity of the transposon mutants by detection of luminescence after the addition of C 4 -HSL revealed that rssA was induced approximately 2-fold and lipB was induced approximately 3.5-fold. Interestingly, rssA was maximally expressed in the mid-logarithmic growth phase and not in the transition to the stationary phase (data not shown), where AHL-regulated genes are often reported to be maximally activated. The bsmA and bsmB genes have previously been reported to be induced 2.8-and 9.8-fold, respectively, by C 4 -HSL in the early stationary phase (34) . The adhesion phenotypes of the rssA, bsmA, and bsmB transposon mutants could be partially restored through complementation of the mutated gene in trans. The rssA, bsmA, and bsmB complemented strains exhibited 85, 23, and 7% improvement in adhesion, respectively, compared to the uncomplemented strains. The partial restoration was most likely due to the presence of multiple copies of the complementation plasmids, and since the genes affect multiple phenotypes, the overexpression of the genes may have diluted the adhesion phenotype. Nevertheless, the results of the partial restoration analysis support the hypothesis that the rssA, bsmA, and bsmB genes are involved in adhesion. The complemented lipB mutant did not show an increase in adhesion compared to the uncomplemented strain. The complemented strain also did not exhibit other lip secretion functions, such as protease production. The reason for this is unknown; however, any polar effect exerted by the transposon mutation would have affected only genes in the lip operon. The lipB mutant has previously been well characterized, and the transposition did not appear to have any unusual effects (52); our analysis of the lipB mutant (Fig. 3B ) supports these findings. Therefore, we propose that the effects on adhesion seen here were due to the lack of a lip secretion system. C 4 -HSL regulation of surface properties in S. marcescens MG1. Surface properties, such as EPS, outer membrane proteins, and surface appendages, including fimbriae and flagella, are commonly involved in adhesion and biofilm formation. Since adhesion and biofilm development are regulated by C4-HSL in S. marcescens MG1, suggesting that one or more surface properties are regulated by this signal, the surface properties of the adhesion mutants were characterized.
(i) Exopolysaccharide is regulated by C 4 -HSL in S. marcescens MG1. We noticed that on solid LB10, colonies of the wild-type strain appeared to be more opaque than colonies of the swrI mutant (data not shown). This was more evident on Kings agar, which has previously been reported to enhance EPS production in Serratia sp. (6) , suggesting that EPS production was regulated by C 4 -HSL. Calcofluor binds polysaccharide, and colonies producing polysaccharide emit bright blue fluorescence when they are exposed to long-wavelength UV light. On Kings agar, LB10 agar, and MBD agar (supplemented with 0.2% glucose and 0.5% Casamino Acids) containing 0.02% calcofluor, the wild type consistently emitted bright blue fluorescence when it was exposed to long-wavelength UV light, whereas the swrI mutant did not (Fig. 4A) . The inability of the swrI mutant to produce exopolysaccharide could be restored by supplementing the agar with 250 nM C 4 -HSL (Fig.  4A) . To determine whether any of the adhesion-deficient transposon mutants could produce EPS, the mutants were streaked on Kings agar supplemented with 250 nM C 4 -HSL and calcofluor. Mutants MG3640 (rssA), MG3645 (lipB), and MG3651 (bsmB) produced wild-type levels of fluorescence; however, mutant MG3646 (bsmA) was found to emit no fluorescence, indicating that bsmA has a role in exopolysaccharide production (Fig. 4B) . The lack of EPS may explain the adhesion-deficient phenotype of the swrI mutant and MG3646 (bsmA); however, the defective adhesion phenotype of the other transposon adhesion-defective mutants may not have been due to the absence of EPS but rather may have been due to the lack of a different adhesin.
(ii) Outer membrane protein analysis. In the mid-logarithmic phase of growth, an 18-kDa protein was found to be dependent on C 4 -HSL (present in the wild-type and absent in the swrI mutant), and it was subsequently excised from the gel for N-terminal sequencing (Fig. 5) . Twelve residues were identified as GQSTVSAGYAQG and were recognized as OmpX from S. marcescens N28b (23) based on a comparison with the BLASTP database. OmpX belongs to a family of outer membrane barrel proteins found in the family Enterobacteriaceae. The ompX gene of S. marcescens MG1 was sequenced and was found to contain a 519-bp ORF with 76% identity and 84% similarity to an ORF encoding the OmpX protein of S. marcescens (accession number CAA85513). Since OmpX proteins have previously been implicated in adhesion to epithelial cells (64) , an ompX mutant of S. marcescens MG1 was constructed, but it was found to adhere normally to the abiotic and biotic surfaces ( Fig. 1 and 2) . No other outer membrane protein was identified as a QS-regulated protein or as a protein that was commonly absent (or present) in the adhesion mutants compared to the wild type, indicating that an outer membrane protein was not involved in C 4 -HSL-mediated adhesion (Fig. 5) .
We also observed that the MG3646 (bsmA) mutant had reduced levels of an outer membrane protein (Fig. 5) subsequently identified as OmpC by N-terminal sequencing (AEIY NKDGNKLD). OmpC is a major porin that is induced at high osmolarity and is important for maintaining proper osmotic pressure within the cell (45) . Although bsmA is C 4 -HSL regulated, a similar effect was not observed with the swrI mutant, indicating that this effect was likely a result of the bsmA mutation. The effect of the bsmA mutation on OmpC levels was further confirmed by the poor growth of the MG3646 (bsmA) mutant observed at high salt concentrations (Luria-Bertani medium containing 46.75 to 58.44 g/liter NaCl) compared to the growth of the wild type and the swrI mutant (data not shown).
(iii) Surface and extracellular protein analysis. The levels of four proteins (proteins 1 to 4) were found to be reduced in the adhesion-deficient mutants, or they were absent (Fig. 3B) . MALDI analysis of extracted proteins resulted in identification of proteins 1, 2, and 3 as an S-layer protein, serralysin protease, and triacylglycerol lipase, respectively, all of which have previously been reported to be secreted through the lip secretion system (1, 2, 53). This conclusion was supported by our finding that these three proteins were not present in the extracellular fraction of the MG3645 (lipB) mutant. The bsmA mutant lacked serralysin protease, while the MG3646 (bsmA) and MG3651 (bsmB) mutants did not produce triacylglycerol lipase and had reduced levels of the S-layer protein.
Reduced protease activities in the supernatants of the MG3646 (bsmA) and MG3651 (bsmB) mutants were confirmed by measuring azocasein hydrolysis (data not shown). It also appeared that smaller amounts of the FimA protein were produced in the swrI, rssA, and lipB mutants and that this protein was completely absent in the bsmA and bsmB mutants compared to the wild-type strain and the C 4 -HSL-complemented swrI mutant. Interestingly, the bsmA and bsmB genes are necessary for FimA production, and both are regulated by C 4 -HSL, while FimA production is largely QS independent. This suggests that there is an additional level of complexity in the regulation of these genes. bsmA and bsmB genes are important in non-QS-mediated adhesion to the HCE cells. While we determined that C 4 -HSL does not regulate adhesion to HCE cells and that type I fimbriae are the major adhesin driving the process, we were interested in whether genes previously observed to be important for colonization were also involved in adhesion to HCE cells. As a result, the transposon adhesion mutants MG3640, MG3645, MG3646, and MG3651, the ompX mutant, and the swrA swarming mutant were tested in HCE cell adhesion assays. While mutants MG3640 (rssA) and MG3645 (lipB), the ompX mutant, and the swrA mutant were unchanged in adhesion to the HCE cells, mutants MG3646 (bsmA) and MG3651 (bsmB) consistently adhered at levels that were approximately 50% of the wild-type level (Fig. 2) . C 4 -HSL regulation is unimportant for adhesion to HCE cells; however, the C 4 -HSLregulated bsmA and bsmB genes play an important role. This suggests that other regulatory processes induce these genes during adhesion to HCE cells. It is likely that the lack of type I fimbriae in the bsmA and bsmB mutants (Fig. 3B) is the cause for their poor adhesion to the HCE cells.
DISCUSSION
One factor that may enable S. marcescens MG1 to thrive in a variety of different environments is its ability to colonize surfaces and form biofilms, which have generally been associated with increased survival in the face of a variety of stresses (e.g., oxidative stress, antibiotics, and protozoan grazing) (16, 29, 41, 49) . Surface colonization is a process consisting of attachment, surface motility, maturation into a biofilm, and detachment of cells, resulting in the planktonic forms, completing the life cycle. It is now appreciated that one of the factors influencing surface colonization is the cell-cell signaling system known as AHL-mediated QS (12, 40) . Indeed, for S. marcescens, multiple processes of surface colonization are QS regulated, including swarming motility, biofilm maturation, and detachment (15, 34, 51) . S. marcescens is widespread in the environment, particularly in soils in association with plants, but it is also increasingly being detected in nosocomial and ocular infections of humans. Moreover, this organism is a good colonizer of living and inanimate surfaces. For example, S. marcescens strains can consistently be isolated from contact lenses and contact lens cases (19, 31) , and S. marcescens MG1 has previously been shown to colonize tomato roots (60) . In light of this general control, we studied QS regulation of attachment and found that QS mediates attachment to some surfaces, such as hydrophilic, polystyrene microtiter plates. Interestingly, QS was not required for attachment to tissue culture cells (HCE cells).
The regulation of adhesion by extracellular signaling appears to be unusual; it has been reported only here and by Koutsoudis et al. (33) , who showed that attachment of Pantoea stewartii is repressed by QS. This phase of colonization has not been studied as intensively in relation to QS since signaling compounds are often thought to act as sensors of population density, such that certain genes are switched on only when a sufficient cell density is reached (48) . While adhesion is not a population-dependent phenotype, providing the signal compound can be contained within an enclosed environment, in one or a few cells the genes could be upregulated by a threshold concentration of signal. Hence, it is conceivable that as a bacterium approaches a surface, the surface acts as a diffusion barrier, resulting in an increased concentration of AHLs and the activation of genes coding for adhesins (50, 55) .
As noted above, S. marcescens uses QS to regulate multiple stages of colonization and biofilm formation, which raises the question of how these temporally different, and in the case of detachment seemingly antagonistic, processes can be controlled by the same regulatory mechanism. The most likely solution to this conundrum is that the QS system does not operate alone but rather operates in conjunction with other regulatory systems which combine to ensure that phenotypic genes are expressed at the correct times. This conclusion is supported by observations made by Whiteley et al. (66) , who found that the QS-regulated genes of P. aeruginosa could be divided into genes that are expressed early and late. Moreover, there are several examples of interactions of other global regulatory systems with QS, such as cAMP and the catabolite repressor protein in Vibrio fischeri and the P. aeruginosa homologue Vfr (3, 13) . Additionally, the QS system of P. aeruginosa has been shown to be hierarchical; the las system is dominant with respect to the rhl system, and the two systems are linked through a quinolone signaling system (42) . In S. marcescens, swarming motility is QS regulated, but it is also dependent on correct expression of the flhDC master regulator (14) . Thus, it is likely that at least in S. marcescens, the QS system interacts with accessory regulators to induce the expression of genes that are involved in attachment, swarming, biofilm maturation, and detachment.
This notion is further supported by the observations that QS is important for adhesion to abiotic surfaces but not for adhesion to biotic surfaces and that different adhesins are involved in attachment to these surfaces. Type I fimbriae were identified as the main adhesin for the HCE cells but had no role in adhesion to the abiotic surface, which is consistent with the finding that different regulatory systems drive adhesion to these different surfaces. A similar result has been obtained for Vibrio cholerae, which utilizes different fimbrial appendages in adhesion to chitin and to an abiotic borosilicate substratum (65) . In S. marcescens, type I fimbriae have previously been observed to be important for adhesion to a bladder carcinoma cell line (27) and for adhesion to uroepithelial cells (38) ; however, this is the first report of type I fimbriae mediating adhesion to HCE cells.
Characterization of the surface properties of S. marcescens did not elucidate the specific adhesin driving C 4 -HSL-mediated adhesion. However, two different surface characteristics, exopolysaccharide and OmpX, were found to be C 4 -HSL regulated. While mutations in fimA and ompX did not affect adhesion to the abiotic surface, it is possible that exopolysaccharide could play a role. Of the four C 4 -HSL-regulated genes involved in abiotic adhesion, the bsmA and bsmB genes were of particular interest. The bsmA and bsmB genes are involved in abiotic adhesion (Fig. 1) , in late-stage biofilm development (34) , and in adhesion to HCE cells (Fig. 2) . The exact mechanism by which these genes exert their effects is unclear; however, the genes appear to be important for full expression of multiple extracellular properties. Both the bsmA and bsmB mutants had reduced levels of S-layer protein, triacylglycerol lipase, and serralysin protease and undetectable levels of the type I fimbrial major protein subunit FimA. Furthermore, mutant MG3646 (bsmA) was also unable to produce exopolysaccharide and had reduced levels of OmpC and reduced hemolytic and HCE cell cytotoxicity activities (data not shown). Given the effects that these genes have on the presence of extracellular products, it is probable that they are involved in secretion. Since BsmB contains a putative signal peptide, it is possible that this protein acts in the periplasmic space by assisting delivery of secreted products.
A model for abiotic and biotic surface colonization by S. marcescens MG1 is shown in Fig. 6 . Colonization of an abiotic surface has been divided into three stages, adhesion, swarming, and biofilm structure formation. In all cases, C 4 -HSL signaling regulates these steps; however, colonization of the cornea does not require C 4 -HSL. The bsmA and bsmB genes are important for colonization of both surfaces and for multiple biofilm stages. This is due to the pleiotropic effects that mutations in these genes have on the bacterium's physiology. The absence of a specific bsmA-or bsmB-dependent adhesin is likely to be responsible for the defects seen in each stage. For example, bsmA/bsmB control of type I fimbriae (FimA) is important for colonization of HCE cells, whereas another unknown bsmA/ bsmB-controlled adhesin is required for adhesion to the abiotic surface. A role for FimA in biofilm structure has not been ruled out. AHL regulation of the OmpX protein does not appear to be involved in any stage of colonization, and swrA is important only for swarming colonization (data not shown). However, this does not mean that SwrA and OmpX do not have a role in adhesion to other surfaces not tested here. However, AHL regulation of EPS may affect biofilm structure by providing scaffolding material. Assessment on how EPS affects biofilm structure and identification of the signaling pathway that controls bsmA and bsmB in S. marcescens MG1 are topics for further research.
The dependence on C 4 -HSL for colonization of abiotic surfaces in S. marcescens MG1 suggests that it is important to explore whether other S. marcescens strains (particularly clinical isolates) also utilize AHL regulation for surface colonization. If this is the case, it may be possible to use AHL inhibitors, such as furanones (20, 26) , for prevention of adhesion and biofilm formation on medical equipment by this organism. Since S. marcescens strains are becoming increasingly resistant to antibiotics, new methods are necessary to control infections by this organism. FIG. 6 . Hypothetical model for colonization of abiotic and corneal surfaces by S. marcescens MG1. Biofilm formation on an abiotic surface is divided into three stages: adhesion, swarming, and biofilm structure formation. All three stages require C 4 -HSL signaling, which is indicated by a check mark. Cells adhering to corneal tissue are derived from the environment or from colonized abiotic surfaces. Adhesion to HCE cells is not regulated by C 4 -HSL, and the process is indicated by an X. The bsmA and bsmB genes are both regulated by C 4 -HSL and are important in adhesion to both the corneal and abiotic surfaces and for biofilm maturation. In addition to bsmA/bsmB, rssA and lipB drive adhesion to the abiotic surface, while type I fimbriae encoded by fimA drive adhesion to the corneal surface. The swrA gene is required only for the swarming stage, and the role of QS-regulated EPS in all stages is unknown. 
